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1. Introduction

The AFGL-701-4/Fluxmeter instrument (High Energy Electron

£luxmeter - HEEF S/N 0001) was launched aboard the CRRES spacecraft
on July 25, 1990. The instrument was designed to measure electron
flux in ten differential energy channels between 1 and 10 MeV. A
full description of the instrument can be found in Ref. 1. It was
intended that HEEF operate on-orbit at a temperature close to room
temperature. However, due to thermal problems with another
instrument in the same spacecraft compartment, the heaters in the
compartment were turned off, and the operating HEEF temperature
was, for most of the mission, between -10 and -12 0 C.

Questions arose about the performance of the HEEF instrument
at the low temperatures, because of the known temperature
dependence of the output signal of the BGO crystal, which formed
the key detection element of the instrument. In order to determine
the HEEF response, as a function of temperature, a series of
experiments was carried out at Panametrics, Inc. in January and
February of 1992 on the HEEF sister instrument (S/N 0002). This
report contains a summary of the results of these experiments
(Section 2), a simple mathematical model of the HEEF response
(Section 3) and an outline of a method for correcting on-orbit HEEF
data for instrument operating temperature (Section 4).



2. Experimental Work and Data Presentation

2.1 Experimental Work

Experimental work with HEEF (S/N 0002) was carried out both in
a thermal vacuum chamber and in an environmental chamber under air
pressure. Instrument response was measured at a variety of
temperatures between +25 0 C and -15 0 C. In the vacuum chamber only
electrons (106Ru source) could be used to stimulate the instrument,
while, in the environmental chamber, additional tests with pulsers
were carried out in addition to the radioactive source work.

The '0Ru electron source produces electrons with energies up
to 4 MeV, which covers about the half the HEEF energy range. In
addition, the highest energy source electrons have sufficient
energy to cause electron-positron pair creation in the HEEF casing
material (predominantly tungsten). The subsequent annihilation of
the positron results in the production of 511 keV 7-rays which can
be detected in the BGO crystal. The 511 key 7-ray peak was used to
determine the gain change of the BGO-PMT system as a function of
temperature as well as the absolute energy calibration of the BGO
signal output.

The HEEF DPU output was recorded during the testing at each
temperature to allow comparison of electron channel count rates at
different temperatures. In addition, signals coming directly from
the pre-amplifiers of the front and back solid state detectors
(SSDF and SSDB) and the photomultiplier tube (PMT) viewing the
scintillation light from the Bismuth Germanate (BGO) crystal were
brought out from the instrument and connected to external
electronic circuitry. This allowed energy and timing spectra of
the various detectors to be measured and recorded independently of
the HEEF DPU.

The position of the 511 keY peak in the BGO pulse height
spectrum was measured at each temperature. The PMT high voltage
setting was than changed, so that the 511 keV peak was in the same
channel as it was at the temperature of +25 0 C. In this way, the
pulse height spectrum from the BGO PMT was the same at all
temperatures and the effects of gain shift, temperature and
electron energy dependence of the triple coincidence efficiency
could be measured separately and unambiguously.
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The gain matching procedure was necessary because the energy
spectrum of "0Ru electrons falls off steeply with increasing
electron energy. Thus, an uncompensated gain shift would result in
"a different portion of the "*Ru electron spectrum contributing to
"a count rate in a given HEEF electron channel at different
temperatures. In that case, an observed change in a channel count
rate as a function of instrument temperature would be duc to a
complicated combination of gain shift and coincidence efficiency
effects.

Once the gain of the BGO-PMT system was matched to the gain at
+25 0 C, a series of timing spectra were recorded. The SSDB signal
was used to start a time-to-amplitude converter (TAC), while either
the SSDF or the BGO signal was used to stop the conversion. The
BGO signal was routed through a timing single channel analyzer so
that only electrons with a narrow range of energy deposition in the
BGO would give a vaiid TAC stop signal. In this way, the relative
SSDB-BGO timing pulse distributions could be studied as a function
of both temperature and incident electron energy.

2.2 Data Presentation

2.2.1 Gain Shift

The output of the PMT viewing the BGO crystal is temperature
dependent. This dependence is a combination of two effects: 1) the
decrease in gain of the PMT and 2) the increase in the BGO output
signal with decreasing temperature. The net effect is a gain shift
of the output of approximately -1%/°C (Ref. 2). The ratio of the
centroid channel of the 511 keV 7-ray peak measured at a given
temperature, to the centroid channel measured +25 0 C, at a fixed
PMT high voltage setting (HV Step = 200), is shown in Figure 1.
The solid line is a linear fit to the data, and gives the gain
shift as a function of instrument temperature, G,(T). The equation
of the line is

Gj(T) = -6.328-10- 3 T + 1.183 (2.1)

The gain also depends on the high voltage setting of the PMT
(0 5 HV step 5 255). As was discussed in Ref. 3, the gain shift as
function of the HV step, G2 (HV), is given by

3
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Figure 1. BGO-PMT system gain as function of HEEF
temperature. Solid line is best linear fit to the data.
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G2 (IiV) = 3.438"10-1 + 0.56 (2.2)

The complete expression for the PMT-BGO gain shift is a product of
G, and G2

G(T,HV) = G1 (T) -G2 (HV)

= -2.194.10- 5 HV.T- 3.574.10-3T + (2.3)

4.068"10- 3 HV + 0.662

Equation 2.3 is slightly different from a similar equation, eq.
(4.10), presented in Ref. 3. There are two reasons for the
difference: 1) eq. (2.3) is referenced to the gain at +25 0 C while
the equation in Ref. 3 was referenced to the gain at +20 0 C and 2)
eq. (2.3) is based on a larger and more accurate data set then eq.
(4.10). Despite the differences, the temperature dependent gains,
calculated using the two equations, do not differ by more than a
few tenths of one percent from each other.

Note that since the PMT-BGO gain depends on two independent
parameters, high voltage and temperature, changes in one of the
parameters can be used to offset changes in the other. This
feature was used in the study of the timing distributions and
channel count rates, described in the following two sections. At
each temperature, the PMT high voltage setting was adjusted so that
the 511 keY y-ray peak centroid was in the same channel as at
+25 OC. In this way, the temperature effects on the timing
distributions and on the HEEF coincidence efficiency could be
studied separately from the gain shift effects.

2.2.2 Timing Distributions

Study of the timing distributions showed that the relative
timing of the SSDF and SSDB signals did not change with temperature
or incident electron energy. This is to be expected because the
SSDF and SSDB detectors are both similar Si solid state devices,
and their electronic circuitry signal processing was essentially
identical. The relative timing between the BGO and SSDF signals,
on the other hand, showed a strong dependence on both instrument
temperature and deposited energy.
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The results obtained from the measured BGO-SSDB timing
distributions, obtained in a thermal vacuum chamber using a "Ru
electron source, are listed in Table 1. The timing spectra were
taken for different electron energy deposition ranges, each 600 keV
broad. E. is the central energy of the electron energy deposition
window. "All" signifies that all electron deposition energies were
accepted for the timing spectrum. The third column label, ST is
the difference between the times of arrival of the SSDB and BGO
signals as measured by electronic circuitry external to HEEF. Note
that, due to the artificial delays introduced in the external
circuitry, the absolute value of 6T is not meaningful; only
differences between ST values have physical significance. The
label on the last column, a is the standard deviation of the BGO-
SSDB timing distribution.

The 6T values from Table 1 are shown plotted in Figure 2,
together with a linear fit (solid line) of the 6T-temperature
relationship. It is evident that, as the temperature of the
instrument decreases, the BGO timing signal delay relative to the
SSDB timing signal increases. Superimposed on this large
temperature effect, there is a smaller timing effect due to the
magnitude of electron energy deposition.

The temperature effect on the BGO signal delay is due to the
intrinsic properties of the scintillation light generation in the
BGO crystal, and is not due to any electronic effects in HEEF.
This was verified by measurements taken in air, in an environmental
chamber, with both a "•Ru electron source and with a pulser. The
1'Ru measurements, in air and at various temperatures, resulted in
6T values identical, within the measurement accuracy, to those
obtained in vacuum. This showed that there are no unexpected HEEF
timing signal properties changes correlated with air pressure. The
pulser signals, however, which were injected into the BGO and SSDB
pre-amplifiers, showed no temperature effect at all. This
indicates that the timing changes are inherent to the BGO crystal.
This result is consistent with the well known fact that the BGO
scintillation properties are highly temperature dependent (Ref. 2).
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Table 1 Summary of Timing Teat Results

Teop (°C) Etc (MeV) ST (nsec) a (nsec)

-15 ALL 372.6 44.5

-15 0.654 371.2 49.2

-15 0.938 375.5 42.9

-15 1.288 379.3 38.7

-15 1.607 380.2 34.5

-15 1.937 380.2 28.1

-15 2.256 379.9 31.5

-12 AlL 366.3 41.2

-12 0.654 363.9 45.9

-12 0.938 368.3 40.1

-12 1.288 371.5 36.5

- 12 1.607 373.8 38.6

-12 1.937 373.6 31.8

-12 2.256 373.2 31.2

-5 ALL 354.1 35.5

-5 0.654 343.9 57.1

-5 0.938 349.4 45.3

-5 1.288 353.2 34.8

-5 1.607 355.0 36.4

-5 1.937 356.1 30.2

-5 2.256 355.5 27.8

+5 ALt 328.6 34.8

+5 0.654 321.0 34.9

+5 0.938 326.8 40.8

+5 1.937 334.7 26.9

+5 2.256 335.5 29.5

+15 ALL 301.6 33.1

+25 ALL 273.8 32.3

+25 0.654 266.8 40.6

+25 0.938 270.9 35.5

.25 1.2av- 274.9 i 30.6

+25 1.607 276.3 30.3

.25 1.937 277.2 28.5

+25 2.256 277.2 25.9

+25 2.575 "77.5 25.9

7
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The width of the BGO-SSDB timing distributions also shows the
effect of temperature and deposited energy. Shown plotted in
Figure 3, are the standard deviations of the distributions at two
temperatures (-150 and +250C) as a function of deposited electron
energy. Also shown are the fits to data of the form a = A'E&B.
Note that, as expected, the width of the timing distributions
decreases as the signal magnitude increases. This is because the
timing jitter, in the HEEF signal processing circuitry, has a
larger effect on small amplitude signals then on the large
amplitude ones. The temperature effect on a is less significant
than the Ed effect.

2.2.3 HEEF Electron Channel Count Rates

The HEEF electron channel count rates (normalized to the count
rates at +25 OC) as a function of HEEF temperature are listed in
Table 2. The channel count rates at each temperature were obtained
after the system gain was corrected for temperature effects, as
described in Section 2.1. The 1"Ru electron energy spectrum has an
endpoint near 3.54 MeV so that the electron flux producing counts
in L4-L5, and L5-L6 channels was low. In addition, because the
electron spectrum is changing rapidly with energy near the
endpoint, the channel count measurement is very sensitive to the
HEEF gain correction. As a result, the data points at the highest
measured energies have the largest uncertainties. The statistical
(counting) uncertainty for the L5-L6 data is approximately 20% and
the systematic uncertainty, due to errors in gain correction, is at
least that large.

As can be seen from the data in Table 2, HEEF channel count
rates decrease with decreasing temperature, although the decrease
is not uniform with electron energy. The decrease in LL-Ll channel
is about a factor of 4, going from +15 to -15 0 C, while the decrease
in L5-L6 is nearly two orders of magnitude. A simple, one
parameter, model of HEEF response as a function of temperature
which can account for the observed count rates will be presented in
Section 3.

9
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function of electron energy deposited in the BGO.
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Table 2 Normalized Electron Channel Count Rates

Channel Temperature (°C)

-15 -12 -5 +5 +15

L5-L6 0.020 0.069 0.188 0.820 1.880

L4-L5 0.035 0.078 0.239 0.695 1.286

L3-L4 0.055 0.088 0.249 0.668 1.124

L2-L3 0.067 0.101 0.251 0.631 1.006

L1-L2 0.104 0.137 0.286 0.573 0.957

LL-Ll 0.191 0.226 0.375 0.562 0.915

= - =i



3. HEEP Response model

A triple coincidence (electron) count is recorded by HEEF when
SSDF, SSDB and BGO signals arrive simultaneously at the coincidence
gate. A simplified timing diagram is shown in Figure 4. Only one
SSD timing pulse needs to be considered because the SSDF and SSDB
pulse timing does not vary with either electron energy or
temperature. Therefore, any timing offset or timing jitter between
the SSDF and SSDB pulses will reduce the triple coincidence
efficiency by a constant factor, regardless of temperature, and
this effect is already included in the measured +25 0 C effective
geometric factors.

In Figure 4, the SSD timing pulse arrives at t = 0 and the BGO
pulse after a time t, + d(e), where t, is the SSD-BGO timing offset
at +25 0 C and d(8) is an additional timing shift as a function of
temperature, e. As drawn, both t, and d(8) are both positive but
in the model both positive and negative values of these quantities
are allowed. If the overlap time of the two pulses (t.) is greater
than 20 nsec a valid coincidence signal will result. Since the
timing pulse duration is 86 nsec, the maximum possible time
difference which can still give rise to a coincidence signal, d.,
is 66 nsec. The actual time difference between SSD and BGO
signals, at a given temperature 8, is not simply t, + d(e) but is
given by a distribution of values centered on t, + d(8) with a
standard deviation a.

Given the model described above, the triple coincidence
efficiency, as a function of incident electron energy (E) and
instrument temperature (0), P(E,e) is given by

P(E,O) = 1 do (Ep) ,(e) t] dt (3.1)

Using a simple change of variables

y [t+d(e) -t] (3.2)

F2-a(E,e)

eq. (3.1) can be converted to

12
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P(EO ) - . exp(-y2) dy (33)

where

D (E, 0) = tr+ d(O) ± dm (3.4)
v-'o (E, e)

The convenience of eq. (3.3) is that it can be evaluated in terms
of the error function (erf) of the arguments D±.

The model of the HEEF triple coincidence efficiency has only
one adjustable parameter, t,, the timing offset at +25 0 C. All the
other terms needed to evaluate eq. (3.1) can be derived from the
data presented in Section 2.2.2. The timing signal shift, relative
to the shift at +25 0 C, d(e), is derived from the linear fit to the
data from Table 1

d(e) = -2.5695"e + 64.2375 nsec (3.5)

The width of the timing distributions, a, did not vary
significantly with temperature and it was set to

a(E,O) = 34.855(E-0.5)-0 . 3350  if 0 > +50C
(3.6)

= 42.155(E-0.5)-0 . 3629  if0 < +50 C

Finally, d, is known, from measurements taken with HEEF, to be 66
nsec.

In this model, the data of Table 2, are approximately given by

RC(E,e) = P(E,O) (3.7)
P(E,0 = +25* C)

where RC(E,e) are the normalized count rates. Equation 3.7 was
evaluated, for various values of t,, to find a best fit to the data.
The fitting procedure minimized an error term, c, which was given
by

14



e = (RCZ c- RCiD)2 (3.8)

where RCi0 are the data points from Table 2 (plotted at the central
channel energy) and RCi"k are the values calculated using eq. (3.7).
A plot of the error term, as a function of the timing offset t,, is
shown in Figure 5. The minimum of c occurs at t, = 13.5 nsec, a
physically reasonable value, given the uncertainties of adjusting
the HEEF timing electronics.

The measured data points (Table 2) and curves calculated using
eq. (3.7), with t, = 13.5 nsec, are shown in Figure 6. The
agreement with the data is very good, except perhaps at the highest
energy where the experimental uncertainties are the largest. A
decrease in value of t, beyond 5 nsec leads to calculated curves
which are too flat (change too little with electron energy) to fit
the data. On the other hand, a value of t, larger than 20 nsec
leads to curves which fall too steeply with increasing electron
energy.

15
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4. Temperature Dependent Effective Geometric Factors

The effective geometric factors, G,, for each of the ten HEEF
electron channels (n=1 for LL-LI, n=2 for LI-L2 ... n=10 for L9-
Ll0) can be written down as a function of the PMT high voltage
setting, the instrument temperature and the room temperature timing
offset, t,. The high voltage setting affects the BGO-PMT system
gain, the temperature affects the gain and triple coincidence
efficiency and the timing offset affects the triple coincidence
efficiency. The factors G, can be calculated from

G,(T, HV) =f GF(E)'R,(ET, HV)P(E,T, t,) dE (4.1)

where GF is the energy dependent HEEF geometric factor, R, is the
channel response function and P is the triple coincidence
efficiency. GF and R, are given in the Appendix and P is given by
eq. (3.1).

For the flight instrument (S/N 0001), the only unknown in eq.
(4.1) is the timing offset, t,. Although analysis of the instrument
shows that this value is within 20 ns of zero, it is not possible
to narrow the range any further with available calibration and test
data. It is possible, however, to obtain a good estimate of this
value by using on-orbit data.

Panametrics personnel performed an analysis of outer belt
electron data from CRRES orbit 6 for both HEEF and the AFGL-701-
2/Dosimeter electron channels. At that time, shortly after launch,
HEEF was near room temperature. The analysis consisted of forming
an incident electron spectrum using HEEF data, predicting the
response of the Dosimeter electron channels to that spectrum, and
comparing the predictions to the actual measured Dosimeter
response. The agreement between the two instruments was very good.
This indicates that the room temperature behavior of HEEF is well
understood and that, when electron fluxes are not extreme, the
output of the two instruments can be usefully compared to each
other.

The value of t, for the flight instrument can be extracted from
on-orbit data by comparing the measured and predicted Dosimeter
electron channel response, with the predicted response calculated
from HEEF electron channel data with various values of t,. This can
be done for orbits after HEEF reached its final temperature of -10

18



to -12 0 C and for orbits at an earlier time when the instrument was
at temperatures intermediate between launch temperature and its
final temperature. It is expected that the agreement between the
Dosimeter and HEEF data will be maximized if the value of t, used
in the calculation will be within a few nsec of the true value.
Once t, is determined, all on-orbit HEEF data can be corrected for
temperature effects and used in radiation belt modeling.

19



5. Summary and Conclusions

In response to questions that were raised about the validity
of the calibration of the HEEF (S/N 0001) instrument, in view of
the unexpectedly low operating on-o-bit temperatures, a series of
measurements on the sister instrument (S/N 0002) was carried out.
The measurements were designed to measure instrument performance as
a function of temperature.

Analysis of the results showed that the detection efficiency
of the instrument for electrons decreases with temperature. This
effect is due to a temperature dependence of the tire of arrival of
the BGO timing signal at the SSDF-SSDB-BGO coincidence gate. The
timing shift was shown to be caused by the scintillation properties
of the BGO crystal itself, rather then by any temperature
dependence of the electronic signal processing circuitry. This is
significant because the change in timing properties of the on-orb4 t
unit (S/N 0001) will then be the same as the tested unit (W/N
0002).

A simple one parameter model of HEEF response to electrons was
found to reproduce the experimental temperature data. The model
parameter is the room temperature (+25 0 C) timing offset between the
BGO and the SSDB timing signals, t,. This offset is set during the
testing and calibration process, by adjusting the relative timing
of the BGO, SSDF and SSDB signals until the triple coincidence
efficiency reaches maximum efficiency for detection of electrons.
The accuracy of this procedure is of the order of 10-20 nsec, and
the calculated value of t,, 13.5 nsec (for HEEF Serial No. 0002),
is consistent with this value. The HEEF response model allows the
calculation of temperature dependent effective geometric factors
for each of the HEEF electron channels once the parameter t, is
determined.

The value of t, measured for HEEF Serial No. 0002 can not be
directly transferred to the on-orbit unit. The accuracy of the
procedure to set t, during instrument calibration allows the value
to t, for S/N 0001 to be within 20 nsec on either side of zero. It
should be possible, however, to deduce the value of the S/N 0001
timing offset from on-orbit data, by comparing HEEF and AFGL-701-
2/Dosimeter data, and, therefore, to calculate the temperature
corrections to be used for analysis of on-orbit HEEF data.

20



Appendix

The energy dependent HEEF evfective geometric factor, GF(E),
can be fit by ninth order polynomial (Ref. 3)

GF(E) = • CI*Ei (A.1)

with GF(E) = 0 for E < 1 MeV and GF(E) = GF(10 MeV) for E > 10 MeV.
The values of the coefficients Ci are listed in Table Al below.

Table Al Coefficients for a
polynomial fit to GF(E).

GF(E) = C-.E'

i ICi
0 0.00229551

1 -0.007063260

2 0.00740881

3 -0.003476120

4 0.00103210

5 -0.000205743

6 2.70496"10"'

7 -2.22341.106

8 1.02801"10n

9 -2.03266-10-9
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The channel response functions, R(E,L), can be approximated
by (Ref. 3)

Mnexp(-(E-Pn) 2/20 2  if E P•

R (E,L) if P E P (A. 2)

Mnexp (E-PI) 2/202 if E > Pn

where P,' = P, ± 6P.. The physical significance of the parameters
in eq. (A.2) is as follows: P, is the central energy of the channel,
M, is the relative channel geometric factor at E = P,, 6P, is the
half width over which R(E,L,) = M, and a, is the edge falloff width.
Values of the parameters in eq. (A.2) are listed below in Table A2.

Table A2 Parameters for eq. (A2)

Channel M. P, (MeV) 6P. (MeV) a, (MeV)

LL-Ll 0.919 1.30 0.00 0.234

LI-L2 0.914 1.82 0.00 0.234

L2-L3 0.925 2.35 0.00 0.234

L3-L4 0.896 2.80 0.00 0.221

L4-L5 0.886 3.30 0.00 0.234

L5-L6 0.905 3.80 0.00 0.221

L6-L7 0.997 4.55 0.15 0.293

L7-L8 0.997 5.55 0.15 0.340

L9-L9 1.000 7.08 0.58 0.357

L9-L1O 1.000 9.05 0.50 0.425
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